Barley brassinosteroid mutants provide an insight into phytohormonal homeostasis in plant reaction to drought stress by Gruszka, Damian et al.
  
 
 
 
 
 
 
 
 
 
 
 
Title: Barley brassinosteroid mutants provide an insight into phytohormonal homeostasis 
in plant reaction to drought stress 
 
Author: Damian Gruszka, Anna Janeczko, Michał Dziurka, Ewa Pociecha, Jana 
Oklestkova, Iwona Szarejko 
 
Citation style: Gruszka Damian, Janeczko Anna, Dziurka Michał, Pociecha Ewa, 
Oklestkova Jana, Szarejko Iwona. (2016). Barley brassinosteroid mutants provide an 
insight into phytohormonal homeostasis in plant reaction to drought stress. “Frontiers in 
Plant Science” (Vol. 7 (2016), art. no. 1824), doi 10.3389/fpls.2016.01824. 
 
ORIGINAL RESEARCH
published: 02 December 2016
doi: 10.3389/fpls.2016.01824
Frontiers in Plant Science | www.frontiersin.org 1 December 2016 | Volume 7 | Article 1824
Edited by:
Vijay Pratap Singh,
Ramanuj Pratap Singhdev Post
Graduate College, India
Reviewed by:
Serena Varotto,
University of Padua, Italy
Thomas J. Bach,
University of Strasbourg, France
*Correspondence:
Damian Gruszka
damian.gruszka@us.edu.pl
Specialty section:
This article was submitted to
Plant Physiology,
a section of the journal
Frontiers in Plant Science
Received: 19 September 2016
Accepted: 18 November 2016
Published: 02 December 2016
Citation:
Gruszka D, Janeczko A, Dziurka M,
Pociecha E, Oklestkova J and
Szarejko I (2016) Barley
Brassinosteroid Mutants Provide an
Insight into Phytohormonal
Homeostasis in Plant Reaction to
Drought Stress.
Front. Plant Sci. 7:1824.
doi: 10.3389/fpls.2016.01824
Barley Brassinosteroid Mutants
Provide an Insight into
Phytohormonal Homeostasis in Plant
Reaction to Drought Stress
Damian Gruszka 1*, Anna Janeczko 2, Michal Dziurka 2, Ewa Pociecha 3, Jana Oklestkova 4
and Iwona Szarejko 1
1Department of Genetics, Faculty of Biology and Environment Protection, University of Silesia, Katowice, Poland, 2 Franciszek
Gorski Institute of Plant Physiology, Polish Academy of Sciences, Krakow, Poland, 3Department of Plant Physiology,
University of Agriculture in Krakow, Krakow, Poland, 4 Laboratory of Growth Regulators, Faculty of Science, Centre of the
Region Haná for Biotechnological and Agricultural Research, Institute of Experimental Botany, Czech Academy of Sciences,
Palacký University, Olomouc, Czechia
Brassinosteroids (BRs) are a class of steroid phytohormones, which regulate various
processes of morphogenesis and physiology—from seed development to regulation
of flowering and senescence. An accumulating body of evidence indicates that BRs
take part in regulation of physiological reactions to various stress conditions, including
drought. Many of the physiological functions of BRs are regulated by a complicated,
and not fully elucidated network of interactions with metabolic pathways of other
phytohormones. Therefore, the aim of this study was to characterize phytohormonal
homeostasis in barley (Hordeum vulgare) in reaction to drought and validate role of BRs
in regulation of this process. Material of this study included the barley cultivar “Bowman”
and five Near-Isogenic Lines (NILs) representing characterized semi-dwarf mutants of
several genes encoding enzymes participating in BR biosynthesis and signaling. Analysis
of endogenous BRs concentrations in these NILs confirmed that their phenotypes result
from abnormalities in BR metabolism. In general, concentrations of 18 compounds,
representing various classes of phytohormones, including brassinosteroids, auxins,
cytokinins, gibberellins, abscisic acid, salicylic acid and jasmonic acid were analyzed
under control and drought conditions in the “Bowman” cultivar and the BR-deficient
NILs. Drought induced a significant increase in accumulation of the biologically active
form of BRs—castasterone in all analyzed genotypes. Another biologically active form
of BRs—24-epi-brassinolide—was identified in one, BR-insensitive NIL under normal
condition, but its accumulation was drought-induced in all analyzed genotypes. Analysis
of concentration profiles of several compounds representing gibberellins allowed an
insight into the BR-dependent regulation of gibberellin biosynthesis. The concentration
of the gibberellic acid GA7 was significantly lower in all NILs when compared with the
“Bowman” cultivar, indicating that GA7 biosynthesis represents an enzymatic step at
which the stimulating effect of BRs on gibberellin biosynthesis occurs. Moreover, the
accumulation of GA7 is significantly induced by drought in all the genotypes. Biosynthesis
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of jasmonic acid is also a BR-dependent process, as all the NILs accumulated much
lower concentrations of this hormone when compared with the “Bowman” cultivar under
normal condition, however the accumulation of jasmonic acid, abscisic acid and salicylic
acid were significantly stimulated by drought.
Keywords: barley, brassinosteroids, drought, homeostasis, mutants, phytohormones
INTRODUCTION
Brassinosteroids (BRs) are a class of polyhydroxylated steroid
phytohormones, which regulate various processes of plant
morphogenesis and physiology—from seed development and
germination up to regulation of flowering and senescence
(Choudhary et al., 2012; Vriet et al., 2012). An accumulating body
of evidence indicates that the regulation of such vast aspects of
plant physiology is mediated through a network of molecular
interactions between BR metabolism and signalosomes of other
phytohormones (Nemhauser et al., 2006; Hansen et al., 2009;
Domagalska et al., 2010; Chung et al., 2011; Gruszka, 2013).
Studies on BR metabolism, which have been conducted for the
last 30 years mainly in the model plant species Arabidopsis
thaliana, led to identification of numerous components of BR
biosynthesis and signaling pathways (Vriet et al., 2012), however
the regulation and the course of these processes are far less
understood in crop species, including barley.
Research on molecular mechanisms of BR metabolism in
barley led to identification of a few genes only. One of the
genes with validated function is HvBRI1, encoding a BR receptor
(Chono et al., 2003; Saisho et al., 2004; Gruszka et al., 2011a),
whereas only few genes: HvDWARF, HvBRD, HvCPD, and
HvDIM encoding enzymes mediating BR biosynthesis were
identified and functionally analyzed (Gruszka et al., 2011b;
Dockter et al., 2014). However, it should be noted that many
aspects of BR biosynthesis and its regulation in barley are still
poorly understood (Gruszka et al., 2016). It was reported that
some of the newly identified semi-dwarf barley mutants showing
defects in BR signaling or biosynthesis may serve as an alternative
in breeding programs, especially in face of the global climate
change (Dockter et al., 2014). However, research on physiological
reaction of the barley semi-dwarf BR mutants to drought stress
has been conducted only recently. Mutants deficient in BR
metabolism are very valuable tools to study the mechanism of
action of these hormones also in response to stress conditions
(Janeczko et al., 2016).
Apart from their role in regulation of plant growth and
development, BRs have also been implicated in a control of
plant stress responses (Nakashita et al., 2003; Xia et al., 2009;
Deb et al., 2016). Abiotic stresses pose a serious threat to crop
yields. Drought belongs to the major stresses in agriculture
(Mahajan and Tuteja, 2005) resulting in serious loss in crop
production and shortage of food supplies (Wang et al., 2003;
Ferrero-Serrano and Assmann, 2016). Moreover, it is suggested
that in several regions of the world crop losses caused by
drought will become even more evident (Llanes et al., 2016).
During evolution plants have developed a broad range of adaptive
reactions, including morphological, physiological and molecular
mechanisms allowing a proper response to drought stress
(Ahmadi et al., 2010). One of the most important mechanisms is
alteration in endogenous phytohormone concentrations (Llanes
et al., 2016). However, in previous studies the influence on plant
physiological reactions to drought was analyzed mainly through
exogenous BR treatment or application of BR biosynthesis
inhibitor, consequently there is still a lack of direct genetic
evidence for a role of endogenous BRs in modulation of plant
stress responses (Jager et al., 2008; Divi et al., 2010; Zhou et al.,
2014). It should be also kept in mind that endogenous BRs do
not seem to undergo a long-distance transport in plants, and that
exogenous BRs are not transported upon application by spraying
(Symons et al., 2008; Janeczko and Swaczynova, 2010). Moreover,
recent reports indicate that reduction of BR responses improves
plant tolerance to drought (Northey et al., 2016). This finding
is somewhat incongruent with the previous reports indicating
that exogenous BR application increases plant tolerance to abiotic
stresses (Kagale et al., 2007; Bajguz and Hayat, 2009; Yuan et al.,
2010). However, it should be kept in mind that during these
studies exogenous BR was applied at high concentrations, which
are known to induce various physiological responses (Northey
et al., 2016).
Genetic analyses indicated an antagonistic role for
endogenous BR in abscisic acid (ABA) responses, which
are crucial for the stress tolerance (Rodrigues et al., 2009;
Krasensky and Jonak, 2012; Li et al., 2012; Chung et al., 2014;
Ryu et al., 2014). ABA inhibits action of growth-promoting
hormones, including BR signaling, and masks BR effects in
plant stress responses (Bajguz and Hayat, 2009; Divi et al.,
2010). It has also been reported that BR mutants are more
sensitive to ABA treatment (Choe et al., 2002). It was suggested
that the stress tolerance mechanisms limit energy-requiring
BR-dependent growth processes. However, the regulatory
mechanisms, which control ABA and BR activity remain largely
unknown, particularly in water-stressed plants (Chung et al.,
2014; Janeczko et al., 2016). It has been postulated that BR
and ABA responses remain in a constant balance, regulating
homeostasis and plant development. Application of excessive
exogenous BR may stimulate ABA accumulation, thereby
preventing enhanced BR responses within some feedback loop.
The other way round, a deficiency in BR biosynthesis may result
in hypersensitization to endogenous ABA, and consequently
to an enhanced drought tolerance (Northey et al., 2016). It
is known that BR signaling antagonistically regulates stress
response genes (Kim et al., 2010). It was also reported that
BR-overproducing and constitutive BR signaling mutants are less
tolerant to stresses, what suggests that BR negatively regulates
stress responses (Chung et al., 2012, 2014; Kim et al., 2013). On
the other hand, stress responsive transcription factors appear to
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limit metabolic energy dedicated to growth in order to enhance
stress tolerance through downregulating BR responsive genes
(Chung et al., 2014).
There are several phytohormones including ethylene,
jasmonic acid (JA), salicylic acid (SA), and ABA with validated
role in plant adaptation to biotic and abiotic stresses, among
which ABA is a key plant hormone regulating physiological
reaction to drought (Zhu, 2002; Bari and Jones, 2009; Krasensky
and Jonak, 2012). It is known that many of the physiological
functions regulated by BRs are in fact modulated based on a
complicated network of interactions with other hormones: auxin
(Hardtke et al., 2007; Jung et al., 2010), gibberellin (Shimada
et al., 2006; Bai et al., 2012; Gallego-Bartolomé et al., 2012;
Unterholzner et al., 2015), ABA (Steber and McCourt, 2001;
Zhang et al., 2009), ethylene (Yi et al., 1999), and jasmonic acid
(Ren et al., 2009; Gan et al., 2015). This interaction is based on
some crosstalk between BR biosynthesis and signal transduction
pathways and signalosomes of other phytohormones (Gruszka,
2013; Saini et al., 2015). The inter-hormonal crosstalk constitutes
an additional level of complexity in physiological responses to
various stresses, and provides a mechanism to control system
robustness and dynamicity (Deb et al., 2016). However, this
relationship has been documented mainly with respect to plant
growth regulation, and there are very few reports describing
the interaction between BR and other phytohormones in the
control of stress response mechanisms (Divi et al., 2010; Chung
et al., 2014). Most of the stress hormones-responsive genes are
also regulated by BR, which constitutes another area of inter-
hormonal crosstalk. Moreover, BR may promote some anti-stress
mechanisms, that are independent of ABA, ethylene, jasmonic
acid and salicylic acid at least to some extent (Divi et al., 2010).
It additionally complicates the whole mechanism, and requires
further research. Taking this aspect into account, it seems
important to analyze and characterize physiological reaction of
the BR mutants to drought. Since many physiological processes,
including the stress response, are regulated by coordinated action
of various phytohormones, the present study was performed
by analysis of hormonal homeostasis in these mutants and in
a reference variety under control and drought conditions, in
order to get an insight into the role of BRs in plant responses to
drought, and regulation of the hormonal homeostasis.
MATERIALS AND METHODS
Plant Material
The plant material of this study included the barley (Hordeum
vulgare) two-rowed spring-type cultivar “Bowman” and a group
of semi-dwarf Near-Isogenic Lines (NILs), representing the
previously characterized barley mutants with defects in BR
biosynthesis and signaling (Dockter et al., 2014). These NILs
belong to a broad collection, which was developed by recurrent
crossing of original mutants into the homogeneous genetic
background of the barley “Bowman.” The “Bowman” near-
isogenic lines have also been genotyped with up to 3000 markers,
which provided information on isogenicity and approximate
map position of each introgression region (Druka et al., 2011;
Salvi et al., 2014). As a result of this approach each of the
NILs harbors a restricted and mapped genomic introgression
region, specific and derived from a given original mutant
in the homogeneous genetic background of the “Bowman”
cultivar, which is shared by all the NILs. This approach enables
and simplifies comparative evaluation of the mutants and
physiological analysis (Salvi et al., 2014). Grain of these genotypes
are either available from the Nordic Genetic Resource Center
(http://www.nordgen.org) or from the National Small Grains
Collection (http://www.ars.usda.gov).
Apart from the reference “Bowman” cultivar, the plant
material of this study includes the following NILs showing
defects in BR biosynthesis: BW084 (brh13.p) carrying a missense
mutation in the HvCPD gene, BW091 (brh3.g) in which a
nonsense mutation was identified in the HvBRD gene, and
the line BW333 (ert-zd.159) harboring a missense mutation in
the HvDIM gene. Additionally, the plant material includes the
following NILs characterized by defects in BR perception: BW312
(ert-ii.79) and BW885 (uzu1.a) carrying missense mutations
in different domains of the HvBRI1 BR receptor. Details on
the identified mutations were published by Dockter et al.
(2014). Various molecular, genetic and physiological analyses,
coupled with measurement of endogenous BR concentration
in these NILs indicated that their phenotype is caused by
perturbations in BR biosynthesis or signaling. It should be noted,
that the characterized abnormalities in BR metabolism result
in phenotypic alterations only in the above-ground part of the
barley mutants causing the semi-dwarf stature, however having
no effect on root architecture of these mutants (Dockter et al.,
2014), therefore the selected NILs constitute an ideal material for
research on influence of the perturbations in BR metabolism on
physiological reaction of the mutants to drought.
Experimental Design and Plant Material
Sampling
Details on preparation of soil mixture and the experiment setup
as well as calculations aimed at determining the maximum
(100%) soil water capacity were described by Janeczko et al.
(2016). Seeds of the “Bowman” cultivar and the analyzed NILs
were sown in Petri dishes (diameter 10 cm, number of seeds
per dish: 45) on moistened filter paper and kept in the dark
(24◦C). On day 4th, the germinated seeds were transferred
to pots (15 cm × 15 cm × 38 cm) with the prepared soil
mixture (10 seedlings per pot) and transferred to a growth
chamber. The growth conditions were the following: 12 h-
photoperiod, light intensity (130µmol m−2 s−1), temperature on
the days 4–7 of the experiment 23◦C (day/night), temperature
on the days 8–28 of the experiment 18◦/15◦C (day/night). All
plants were watered optimally (70% of soil water capacity) until
day 28th of the experiment. On the next day (29th) of the
experiment, plants of each genotype (the “Bowman” cultivar
and NILs) were divided into two groups and the temperature
in growth chamber has been set at 22◦/18◦C (day/night). The
first group of plants was watered optimally until the end of
the experiment. The plants from the second group were grown
for 15 days under conditions of an increasing water deficit due
to watering cessation. In the end of drought period the soil
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water capacity was at the level 25% and leaf wilting was visible.
Technical details of procedure of obtaining and controlling of
the water deficit are given in the article by Janeczko et al. (2016).
Leaf-tissue samplings for the extractions and measurements
of the endogenous concentrations of the phytohormones were
performed on the day 38th of vegetation (group of watered
plants) and on the day 45th (drought-exposed plants). During
the leaf-tissue samplings plants of all the genotypes were at
the same developmental stage (fifth leaf). The fully developed
leaves (third and fourth) were collected for the analysis. For the
measurement of the endogenous concentrations of BRs 1 g of
fresh weight samples were prepared, where one sample contained
two leaves from two different plants. For the measurement of the
endogenous contents of the other phytohormones 2 g of fresh
weight samples were prepared, where one sample contained four
leaves from four different plants.
Extraction and Quantification of
Endogenous Brassinosteroids
Extraction of endogenous BRs was preceded by homogenization
of leaf tissue (1 g F.W.) in 20 ml 80% methanol (MeOH) for
12 h at 4◦C and the homogenates were then centrifuged (36
670 g, 10 min, 4◦C). The supernatants were supplemented with
internal standard mixture containing 10 pmol each of 2H3-
labeled BRs and then loaded on the Discovery R© DPA-6S columns
(Supelco, Bellefonte, PA 16823, USA) (Tarkowská et al., 2016).
The filtered volumes were evaporated to dryness in vacuo. Each
sample residue was then dissolved in 75µL of 100% MeOH by
vortexing and sonicating for 5min, andmade up to 1ml with PBS
buffer (50mMNaH2PO4 and 15mMNaCl, pH 7.2). The samples
were loaded on columns containing antibodies against BRs (IAC
columns). BRs from the IAC columns were eluted using 3 mL of
ice-cold MeOH (−20◦C). The elution fraction was evaporated to
dryness in a benchtop concentrator (CentriVap R© Acid-Resistant
benchtop concentrator, Labconco Corp.,MO,USA) and analyzed
by Ultra High Performance Liquid Chromatography UHPLC-
MS/MS (Tarkowská et al., 2016). Each sample represents leaf
tissue (3rd and 4th leaf) collected from two individual plants of a
given genotype. Each of the analyses was performed in triplicates.
Extraction and Quantification of
Endogenous Abscisic Acid (ABA), Auxins,
Cytokinins (CKs), Gibberellins (GAs),
Jasmonic Acid (JA), and Salicylic Acid (SA)
Extraction and quantifications of the plant hormones (ABA,
auxin, CKs, GAs, JA, and SA) were performed as described in the
article by Dziurka et al. (2016). Briefly, lyophilized leaf samples
after pulverization were transferred to methanol:water:formic
acid mixture (15:4:1 v/v). To each sample internal isotopic
standards of the phytohormones (OlChemIm, Olomouc, Czech
Republic) were applied. After centrifugation, the supernatant was
evaporated to dryness, and the residue was suspended in 1 M
aqueous solution of formic acid. Samples were passed through
the activated SPE cartridges (BondElute Plexa PCX, Agilent,
USA). The fraction of neutral and acidic hormones (ABA, auxins,
GAs, JA, SA) was eluted with methanol:acetonitrile (1:1 v/v),
the basic compounds (CKs) were eluted with 5% ammonia in
methanol:acetonitrile (1:1 v/v). All samples were evaporated to
dryness, resuspended in 100µl of methanol, filtered and used for
UHPLC analyses. The endogenous concentrations of hormones
were measured on the UHPLC apparatus (Agilent Infinity
1260, Agilent, Germany) coupled to a triple quadruple mass
spectrometer (6410 Triple Quad LC/MS, Agilent, USA) with
electrospray ionization (ESI). The exact conditions of the analysis
are given in the article by Dziurka et al. (2016). Standards of
the phytohormones were purchased from OlChemIm (Olomouc,
Czech Republic). Solvents of the HPLC grade were purchased
from Sigma-Aldrich (Poznan, Poland). Each of the analyses was
performed three times (samples from the optimally watered
plants) and four times (samples of the drought-stressed plants).
Analysis of Plant Response to Drought
Leaf gas exchange was measured using the Li-6400 infrared gas
analyzer (Licor Inc., Lincoln, USA) equipped with a standard
leaf chamber and a LED light source. The CO2 concentration
during the measurement was 380 ppm. The measurements
were performed before the leaf-tissue samplings, on the day
38th of vegetation (group of watered plants) and on the day
45th (drought-exposed plants). The following parameters were
recorded: net photosynthesis rate (Pn), transpiration rate (E),
and stomatal conductance (gs). The measurements were carried
out on well-developed leaves in seven replicates/genotype, where
one replicate represented one leaf from an individual plant.
Index of greenness of well-developed leaves, informing about
chlorophyll content, was measured using the Minolta SPAD
Chlorophyll Meter 502P (Spectrum Technologies, Inc., USA).
The measurements were performed in 10 replicates/genotype
(one replicate represented one leaf from an individual plant).
Statistical Analysis
Representation of individual plants of a genotype within
each sample and the number of replicates for each
analysis/measurement is given in the method descriptions
above. Statistical significance was calculated using Duncan’s test
(P ≤ 0.05). Calculation was made separately for the optimally
watered group of plants (control) and drought-stressed group
of plants (comparison of the averages obtained in a particular
analysis for the “Bowman” cultivar and the analyzed NILs within
the control and drought-stressed group).
RESULTS
Profile of Brassinosteroid Accumulation
and Its Alteration in Response to Drought
The measurements of the endogenous BRs concentration in the
“Bowman” cultivar and the analyzed NILs under the control
condition (optimal watering) confirmed that the phenotype
of the NILs is caused by the mutations identified by us
previously: as far as castasterone (CS) is concerned, the BR-
deficient genotypes showed decreased concentrations of this
compound, whereas BR-insensitive NILs showed a significantly
raised content of this compound with respect to the “Bowman”
cultivar (Figure 1). Interestingly, in this research we confirmed
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FIGURE 1 | The endogenous concentrations of castasterone (CS) in the
analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
that the endogenous CS accumulation is significantly higher
in the BR-insensitive BW312 (ert-ii.79) line than in the allelic
line BW885 (uzu1.a). The BW312 line harbors the Thr-
573 to Lys amino acid substitution within the BR ligand-
binding island domain of the HvBRI1 receptor. The BW885
line carries the His-857 to Arg substitution within the kinase
domain of the BR receptor. Moreover, this difference in the
accumulation of CS in these two BR-insensitive lines was
observed under the control and drought conditions. It should
be pointed out that in reaction to drought the endogenous CS
accumulation increased significantly in all analyzed genotypes,
however the drought-stimulated increase in the CS content
was most prominent in the BR-insensitive lines BW312 and
BW885 (Figure 1). This indicates that CS, as the suggested
end product of the BR biosynthetic pathway in monocots,
may be referred to as the stress-induced compound. Moreover,
this drought-induced physiological adaptation is retained in
both the BR-deficient and BR-sensitive mutants, in which the
drought-induced increase in CS accumulation also occurred. In
the present study 24-epicastasterone (24-epiCS) has not been
detected in any of the analyzed genotypes, irrespective of the
growth condition.
Brassinolide (BL) has also not been detected in any of the
analyzed genotypes. However, a relatively low accumulation of
another compound—24-epibrassinolide (24-epiBL)—has been
detected specifically in the BR-insensitive line BW885 under
control conditions (Figure 2). Moreover, accumulation of this
compound was apparently stimulated in all the genotypes as
a results of the drought stress (Figure 2). This suggests that
24-epiBL is, apart from CS, another representative of BRs,
whose accumulation is stimulated by drought. Interestingly,
the accumulation of 24-epiBL was drought-induced to roughly
the same extent in all the genotypes (the “Bowman” cultivar
and all analyzed NILs), and with no significant difference
between the BR-deficient and BR-insensitive genotypes. It
indicates that proficiency in BR biosynthesis or signaling is
not required for the drought-induced increase in the 24-epiBL
accumulation.
FIGURE 2 | The endogenous contents of 24-epibrassinolide (24-epiBL)
in the analyzed genotypes under the control and drought conditions.
The mean values of three replicates of each measurement are presented for
each genotype, with error bars representing standard deviation.
Additionally to the C28 BRs described above, representative
of the C29 BRs, 28-homocastasterone (28-homoCS), has been
detected in relatively large quantities in all analyzed genotypes.
The accumulation of this compound was observed under the
control and drought condition (Figure 3). However, a quite
interesting phenomenon was observed when the 28-homoCS
accumulation was compared between the analyzed genotypes:
under the control condition a significantly higher accumulation
of 28-homoCS was reported in the BR biosynthesis-deficient
lines, especially in BW084 and BW091 when compared
with the “Bowman” cultivar (ca. 167 and 177% of the
“Bowman” reference value, respectively). In the third of the
BR biosynthesis-deficient lines, BW333, the accumulation of
28-homoCS was elevated to a lesser degree (ca. 147% of the
“Bowman” reference value). Another interesting observation
is that the lowest concentration of 28-homoCS was observed
in the BR-insensitive line BW312, in which the highest
concentration of CS was observed (see above). Moreover,
comparison with the other BR-insensitive line BW885, in which
concentration of 28-homoCS is significantly higher, indicates
that under the optimal watering condition the accumulation
of 28-homoCS is inversely correlated with the accumulation
of CS, and this phenomenon seems to be true for all
analyzed genotypes: mutants deficient in the biosynthesis of
CS accumulate the highest concentrations of 28-homoCS, on
the other hand the BR-insensitive line BW312, in which the
highest concentration of CS was observed, accumulates the
lowest concentration of 28-homoCS. Interestingly, the drought
condition did not cause any increase in the concentration
of 28-homoCS in the analyzed genotypes. Both in the
“Bowman” cultivar and the analyzed NILs the contents
of 28-homoCS were comparable with the respective values
reported under the control condition (Figure 3). This indicates
that in contrast to the accumulations of CS and 24-epiBL
(representing C28 BRs), which were significantly stimulated by
drought in all analyzed genotypes, the accumulation of 28-
homoCS (representing C29 BRs) is not induced by the stress
condition.
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FIGURE 3 | The endogenous concentrations of 28-homocastasterone
(28-homoCS) in the analyzed genotypes under the control and drought
conditions. The mean values of three replicates of each measurement are
presented for each genotype, with error bars representing standard deviation.
Drought-Induced Changes in
Accumulation of Gibberellins
In order to get an insight into the role of BRs in regulation
of the homeostasis of gibberellic acid (GA), the concentrations
of several GAs were determined. Analysis of the endogenous
content of GA4, as one of the major bioactive forms of
GAs, indicated that under the control condition all analyzed
NILs contained lower concentrations of this compound when
compared with the “Bowman” cultivar, however these differences
were not found to be statistically significant (Figure 4). The
drought stress induced a slight increase in the content of GA4
in all analyzed genotypes (with respect to the control condition),
however differences between the “Bowman” cultivar and the
analyzed NILs were not statistically significant (Figure 4). The
ability to react to drought by the slight increase in concentration
of GA4 is retained in both the BR-deficient and BR-insensitive
NILs, however this increase does not seem to be a major reaction
of GA metabolism to drought.
However, measurement of the endogenous content of another
major, biologically active representative of GAs, GA7, led to quite
interesting results. Under the control condition, all analyzedNILs
showed significantly lower concentrations of this compound
when compared with the “Bowman” cultivar (14.5–46% of
the “Bowman” value) (Figure 5). Under the drought stress a
significant increase in the endogenous concentration of GA7 was
reported in all analyzed genotypes, however in the analyzed NILs
this increase was even more apparent (371–1058% of the control
values) than in the “Bowman” cultivar (179% of the control
value). Consequently, under the drought conditions the contents
of endogenous GA7 in the “Bowman” cultivar and the analyzed
NILs were comparable, and the differences were statistically
insignificant (Figure 5). This indicates that in barley GA7 is a
major representative of GAs, whose concentration is drought-
induced. This induction of GA7 accumulation is particularly
significant in the BR-deficient and BR-insensitive NILs, even
though under the control condition these mutants contain much
lower contents of the endogenous GA7 when compared with the
reference cultivar “Bowman.”
FIGURE 4 | The endogenous contents of the gibberellin GA4 in the
analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
FIGURE 5 | The endogenous concentrations of the gibberellin GA7 in
the analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
In Barley Perturbations in BR Metabolism
Do Not Affect Auxin Accumulation
Under the control conditions, the endogenous concentration
of Indole-3-Acetic Acid (IAA) was very similar in all analyzed
genotypes, without any statistically significant difference
(Figure 6). The drought stress induced an increase in the
endogenous IAA concentrations in all analyzed genotypes
(120–158% of the control values), however differences between
the “Bowman” cultivar and the analyzed NILs were not
significant (Figure 6). Similar results were obtained when
the endogenous concentration of another representative of
auxins—ChloroIndole-3-Acetic Acid (ClIAA) was analyzed.
Under the control condition the endogenous concentration
of this compound was very similar in all analyzed genotypes,
without any statistically significant difference. The concentration
of ClIAA in all the genotypes was slightly lower than IAA.
However, similarly to IAA, drought induced an increase in
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FIGURE 6 | The endogenous contents of Indole-3-Acetic Acid (IAA) in
the analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
the endogenous content of ClIAA in all analyzed genotypes
(138–184% of the control values), but differences between the
genotypes were only slight and not significant (data not shown).
These results indicate that drought stimulates the increase
in the endogenous concentrations of both representatives of
auxins in the analyzed genotypes, and that BR-deficiency or
BR-insensitivity do not seem to affect the auxin homeostasis in
both growth conditions.
Drought-Induced Changes in
Accumulation of Abscisic Acid
Since it is known that ABA plays a pivotal role in plant responses
to various abiotic stresses, including drought, in the presented
research the role of BRs in the regulation of ABA homeostasis
under the control and drought conditions was analyzed. When
grown under optimal watering, the BR-deficient and BR-
insensitive NILs accumulated similar concentrations of ABA
when compared with the “Bowman” cultivar, differences reported
between the analyzed NILs and the “Bowman” cultivar were not
statistically significant, and no tendency was observed between
the analyzed genotypes (Figure 7). As expected, the drought
stress induced a very significant increase in the accumulation
of ABA in all analyzed genotypes (Figure 7). The endogenous
concentrations of ABA increased at least seven times in reaction
to drought in all analyzed genotypes, however no tendency was
observed between the BR-deficient, BR-insensitive NILs and the
“Bowman” cultivar, also when a relative increase in the ABA
content with regard to the control value was calculated for
each genotype. These results indicate that perturbations in BR
biosynthesis or BR signaling do not affect the endogenous ABA
accumulation under the control condition, and do not influence
the capacity of the barley BR mutants to react to drought with
such a significant increase in ABA accumulation.
Accumulation of Salicylic Acid under the
Control and Drought Stress Conditions
In this study here, an accumulation profile of salicylic acid (SA)
as a representative of stress hormones was established. Under the
FIGURE 7 | The endogenous concentrations of abscisic acid (ABA) in
the analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
FIGURE 8 | The endogenous contents of salicylic acid (SA) in the
analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
control condition, most of the BR-deficient and BR-insensitive
NILs contained comparable concentrations of this hormone
with respect to the “Bowman” cultivar, and no tendency in
differences in the SA content was observed between the analyzed
genotypes (Figure 8). In reaction to drought stress, a significant
increase in the endogenous content of SA was reported in all
analyzed genotypes (190–514% of the control values). However,
no tendency in differences in the SA content was observed
between the analyzed genotypes (Figure 8). This indicates that
the alteration in SA homeostasis is a physiological reaction of
barley plants to drought. Moreover, the abnormalities in BR
biosynthesis or signaling do not seem to affect the SA homeostasis
under the control condition, and the capability of the mutants to
react to the drought stress with the increase in SA accumulation.
A further confirmation that endogenous BRs do not influence
the SA homeostasis resulted from a measurement of endogenous
concentration of benzoic acid, which is known as a SA precursor.
Under the control condition, all analyzed genotypes contained a
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very similar concentration of benzoic acid. Moreover, under the
drought condition the endogenous concentration of benzoic acid
was very similar in all analyzed genotypes as well. Interestingly,
no significant alteration in the benzoic acid content was reported
in any of the genotypes under the drought condition with respect
to the control values (data not shown). This result allowed us
to postulate that the drought-stimulated, significant increase in
the endogenous content of SA occurs, at least in barley, at a step
downstream of benzoic acid in the SA biosynthesis pathway.
In Barley Regulation of Jasmonic Acid
Homeostasis Is
Brassinosteroid-Dependent
The measurement of endogenous jasmonic acid (JA)
accumulation under the control condition indicated that
all analyzed NILs (both BR-deficient and BR-insensitive)
contained significantly lower concentrations of this hormone
when compared with the “Bowman” cultivar (ca. 45–65%
of the “Bowman” value) (Figure 9). This indicated that the JA
homeostasis in barley is dependent on BR synthesis and signaling
processes. Under the drought condition a significant increase in
the JA content was reported in all analyzed genotypes (Figure 9).
However, some differences between the genotypes were identified
in a relative increase in JA concentration with respect to the
control values: in the “Bowman” cultivar the drought-induced JA
accumulation raised by ca. 250% with respect to the control value
for this genotype. In the BW084, BW091, and BW885 NILs the
drought-induced JA accumulation was elevated by ca. 730, 470,
and 500%, respectively, whereas the most significant increase
with respect to the control values was reported in the BW312 and
BW333 NILs (ca. 1990 and 940%, respectively). In the case of
the BW312 and BW333 NILs we postulate that such a significant
increase in the JA accumulation may be a gene-specific (BW333)
or allele-specific (BW312) phenomenon. Noteworthy, despite the
fact that under the control condition all analyzed NILs contained
the significantly lower concentrations of JA when compared with
the “Bowman” cultivar, upon drought stress all analyzed mutants
contained comparable or significantly higher concentrations of
JA with respect to the “Bowman” cultivar. It indicates that both
the BR-deficient and BR-insensitive barley mutants retain the
capacity of significantly increasing the endogenous JA content in
reaction to drought stress.
Accumulation of Cytokinins under the
Control and Drought Stress Conditions
In order to get an insight into an accumulation profile of
cytokinins (CKs), two representatives of these phytohormones
were assayed: cis-Zeatin (cZ) and trans-Zeatin (tZ). As far
as cZ is concerned, under the control condition all analyzed
genotypes contained very similar endogenous concentrations
of this compound. Moreover, the endogenous concentration of
cZ was very similar among all analyzed genotypes under the
drought condition as well. Interestingly, no significant alteration
in the endogenous content of cZ was observed in any of the
analyzed genotypes in reaction to drought (data not shown).
The endogenous concentration of the second representative of
FIGURE 9 | The endogenous concentrations of jasmonic acid (JA) in
the analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
CKs, trans-Zeatin, proved to be very similar in all analyzed
genotypes under the control condition (Figure 10). However,
contrary to cZ, the accumulation of tZ was stimulated by
drought in all analyzed genotypes (130–180% of the control
values). Nevertheless, under the drought condition no significant
difference in the accumulation of tZ was reported between
any of the analyzed genotypes (Figure 10). This indicates that
abnormalities in BR biosynthesis or signaling in the analyzed
NILs do not seem to impact the endogenous concentration of
these two CKs, and do not influence the ability of the analyzed
NILs to react to drought with the increase in the tZ accumulation.
Characterization of Plant Reaction to
Drought
In reaction to drought, the semi-dwarf NILs exhibited delayed
wilting when compared with the “Bowman” cultivar. Symptoms
of leaf wilting were first reported in plants of the “Bowman”
cultivar, whereas in the semi-dwarf NILs it was manifested
mainly as rolling of leaf blades along the longitudinal axis. The
photosynthesis rate (Pn) did not show any significant alteration
between the analyzed genotypes under the control condition,
and no tendency was observed. As expected, drought caused a
decrease in the Pn values in all genotypes. Interestingly, a relative
decrease in the Pn value with respect to the control condition was
most prominent in the “Bowman” cultivar (decrease by 41.2%)
(Figure 11).
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FIGURE 10 | The endogenous contents of trans-Zeatin (tZ) in the
analyzed genotypes under the control and drought conditions. The
mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation.
FIGURE 11 | The photosynthesis rate in the analyzed genotypes under
the control and drought conditions. The mean values of seven replicates of
each measurement are presented for each genotype, with error bars
representing standard deviation.
Under the control condition, no statistically significant
difference in the transpiration rate (E) was observed between
the genotypes. The drought stress resulted in a decline in the
transpiration rate in all genotypes. However, during drought
the semi-dwarf NILs were able to maintain transpiration at
a similar or higher level when compared with the “Bowman”
cultivar (Figure 12). Under the control condition, values of
the stomatal conductance (gs) were very similar between the
genotypes. As expected, drought caused a sharp decline in the
stomatal conductance in all genotypes. However, similarly to
the transpiration rate, values of the stomatal conductance in the
semi-dwarf NILs were maintained at a similar or even higher
level when compared with the “Bowman” cultivar (Figure 13).
DISCUSSION
In previous studies, mostly exogenous BRs applications were
performed, thus the role of the endogenous BRs in the regulation
FIGURE 12 | The transpiration rate in the analyzed genotypes under
the control and drought conditions. The mean values of seven replicates of
each measurement are presented for each genotype, with error bars
representing standard deviation.
FIGURE 13 | The stomatal conductance in the analyzed genotypes
under the control and drought conditions. The mean values of seven
replicates of each measurement are presented for each genotype, with error
bars representing standard deviation.
of plant drought response remains controversial and requires
further analysis (Jager et al., 2008; Llanes et al., 2016). In the
present study the accumulation of two representatives of BRs,
CS and 24-epiBL, was found to be significantly stimulated by
drought in all analyzed genotypes. This indicated that these two
compounds may play a role in the regulation of physiological
reaction to the stress condition. It should be kept in mind that CS
is suggested as an end product of the BR biosynthesis pathway
in monocots, representing the highest biological activity (Kim
et al., 2008). Interestingly, in pea (Pisum sativum) no substantial
change in the CS content was reported under drought stress,
however in this species the drought-induced significant increase
in the ABA content may be accompanied by a slight increase
in the endogenous CS concentration (Jager et al., 2008), which
indicates that these effects may be species-dependent. In all
analyzed barley genotypes neither BL nor 24-epiCS have been
detected in our previous study (Dockter et al., 2014) and in the
present assay, what suggests that CS is a major bioactive BR in
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barley. Noteworthy, the drought-induced accumulation of CS
and 24-epiBL is not dependent on functional BR biosynthesis
or signaling pathways, as it is shared by all analyzed genotypes.
The accumulation of endogenous 24-epiBL under the control
condition was found to be specific for the BR-insensitive line
BW885. The accumulation of this compound specifically in this
NIL was reported in our previous assay (Dockter et al., 2014),
however at that time we assumed that it might be an artifact,
therefore the data was unpublished. However, in the present
research we confirmed that the BR-insensitive line BW885 is
capable of accumulating 24-epiBL under the control condition.
In the previous research (Dockter et al., 2014) the accumulation
of 24-epiBL in the BW885 line was found to be maintained at the
higher temperature of plant growth condition (26◦C), however it
was not stimulated by this temperature stress (data unpublished).
In the present study it was shown that the accumulation of
24-epiBL is drought-induced in all analyzed genotypes.
In the study presented here, the accumulation of the C29
BR, 28-homoCS, has been detected in relatively large quantities
in all analyzed genotypes under control and drought stress
conditions. Moreover, a quite interesting phenomenon was
observed when the 28-homoCS accumulation was compared
between the analyzed genotypes: under the control condition
the accumulation of 28-homoCS is inversely correlated with the
accumulation of CS in all analyzed genotypes. It was recently
reported that in rice the biosynthesis pathway of the C29
homoBRs is connected to the C28-BR biosynthesis pathway (in
which CS is produced) by C-28 demethylation, and the aim of this
process is to increase biological activity. Hence, it was concluded
that the C29-BR biosynthesis is probably an alternative route
to the production of endogenous CS in rice (Joo et al., 2015).
The C29-BR biosynthesis pathway is connected with the C28-BR
biosynthesis pathway at several steps (Bajguz and Tretyn, 2003;
Joo et al., 2015), and it seems to be true also in barley, as the
analyzed NILs deficient in the biosynthesis of CS (however, at
various steps, because they carry the mutations in the enzymes
mediating different reactions during the biosynthesis pathway)
accumulate the highest and comparable concentrations of 28-
homoCS. Up to now, the occurrence of 28-homoCS was reported
only in two monocot crop species: rice (Oryza sativa) (Abe et al.,
1995) and rye (Secale cereale) (Schmidt et al., 1995), and several
other species representing various taxonomic groups of the plant
kingdom, however our knowledge of the C29-BR biosynthesis in
plants is still quite limited (Joo et al., 2015). In this paper we show
that the accumulation of the C29 BR, 28-homoCS, occurs also in
barley. The results of our experiments indicate that in contrast to
the accumulations of CS and 24-epiBL (representing C28 BRs),
which were significantly stimulated by drought in all analyzed
genotypes, the accumulation of 28-homoCS (representing C29
BRs) is not induced by the stress condition. It may be explained
by the fact, that biological activity of C29 BRs is relatively low
in comparison with the biological activity of C28 BRs (CS in
particular) (Joo et al., 2015), therefore it is likely that the drought-
induced physiological reaction of barley plants is mediated by CS,
which is the most bioactive form of BRs.
Analysis of the accumulation profile of endogenous GAs
performed in the present study indicated that the concentration
of GA4, one of the major bioactive forms of GAs, under the
control condition is lower in all analyzed NILs when compared
with the “Bowman” cultivar, however the differences were not
found to be statistically significant. BRs are known to regulate
biosynthesis of GAs in A. thaliana. The Arabidopsis mutants
showing abnormalities in the BR signaling and biosynthesis
are impaired in the biosynthesis of bioactive GA, which is
related with a perturbation in GA biosynthetic gene expression
(Unterholzner et al., 2015). BRs regulate expression of GA
biosynthetic genes in rice as well (Tong et al., 2014). However, the
BR-dependent regulation of GA biosynthesis seems to be species-
dependent, since contents of bioactive GAs were not reduced in
BR mutants of pea (Jager et al., 2005). Moreover, it should be also
kept in mind that the GA biosynthesis is also strongly regulated
by environmental factors, including abiotic stresses (Hedden
and Thomas, 2012). In our study the drought stress induced a
slight increase in the content of GA4 in all analyzed genotypes
(with respect to the control condition), however differences
between the “Bowman” cultivar and the analyzed NILs were not
statistically significant. Hence, we conclude that both the BR-
deficient and BR-insensitive NILs are able to react to drought
with the slight increase in the GA4 accumulation, however it does
not seem to be a major reaction of barley GA metabolism to the
stress condition.
However, homeostasis of another representative of GAs,
GA7, which is another major bioactive form of this class of
phytohormones (Yamaguchi, 2008) seems to be BR-dependent
in barley, as under the control condition all analyzed NILs
contained significantly lower concentrations of this compound
in comparison with the “Bowman” cultivar. Moreover, the
endogenous GA7 accumulation is also significantly drought-
induced in barley, and this stimulation was even more prominent
in the analyzed NILs. As a consequence, under the drought
condition the endogenous contents of GA7 were comparable in
all analyzed genotypes. Therefore, our study indicates that in
barley GA7 is amajor representative of GAs, whose concentration
is BR-dependent and significantly drought-induced. Hence, we
postulate that barley belongs to the same group of plant species
as rice (Tong et al., 2014) and Arabidopsis (Unterholzner et al.,
2015), in which GA biosynthesis is a BR-regulated process.
Our results indicated that in barley mutations in the
analyzed BR-biosynthetic or BR-signaling genes do not affect
the endogenous ABA accumulation under the control condition.
Similar results were reported in pea (Jager et al., 2008). As
expected (Outlaw, 2003; Huang et al., 2008), the drought stress
induced a very significant increase in the accumulation of ABA
in all analyzed genotypes, therefore we postulate that in barley
the perturbations in BRmetabolism do not influence the capacity
of the mutants to react to the stress with such a significant
increase in ABA accumulation. Similar results were obtained in
pea (Jager et al., 2008). However, it seems that interdependency
between these two phytohormones may be dependent on plant
species and on some other factors, like genetic background
or gene-specific effects. In tomato (Solanum lycopersicum) the
ABA concentrations were reduced in a BR biosynthetic mutant
(Zhou et al., 2014). In our previous study of two allelic, BR-
deficient barley mutants, in which missense substitutions were
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identified in the HvDWARF gene (which has not been taken
into account in the present study), ABA concentrations in both
mutants were reduced under control and drought condition
in comparison with the reference “Delisa” cultivar (Janeczko
et al., 2016). We suggest that this result may be specific for
the mutations in the HvDWARF gene and/or may be an effect
of different genetic backgrounds of the two reference cultivars
(“Bowman” and “Delisa”). Consequently, it may be a secondary
effect of different physiological reactions of these cultivars to the
drought stress. Nevertheless, it should be noted that, similarly
to the present study, both mutants from the “Delisa” cultivar
retained the ability to react to drought stress with a significant
increase in the endogenous ABA accumulation (Janeczko et al.,
2016). It has been reported in several studies that exogenous
BR application increased ABA accumulation, and the effect was
more significant under stress conditions (Kurepin et al., 2008;
Liu et al., 2009; Yuan et al., 2010; Zhang et al., 2011). However,
it should be kept in mind that the drought-induced increase in
the accumulation of endogenous ABAmay also occur without an
exogenous BR treatment (also in this study). Noteworthy, it has
been reported in pea that drought causes a significant increase in
ABA concentration, however the ability of the plant to increase
the ABA accumulation in response to the stress is not affected by
BR deficiency, as there was no significant difference in the ABA
content between a wild-type genotype and the BR-deficient or
BR-insensitive mutants (Jager et al., 2008). Our results in barley
are in agreement with this finding. It has been demonstrated
that BRs and ABA show an antagonistic relationship in several
physiological processes (Zhang et al., 2009), however it is
unknown whether there is an antagonistic interaction between
these phytohormones in the stress response. It was reported that
exogenous BRs may induce the ABA biosynthesis during stress
response via an indirect mechanism through a transient H2O2
production (Zhou et al., 2014), and it added another level of
complexity into this inter-hormonal interaction.
It is known that SA is a phytohormone playing a significant
role in plant reaction to biotic stress, however recent reports
indicate that SA participates also in plant responses to abiotic
stresses, including drought (Hayat et al., 2010). However, the
exact mechanism of SA involvement in drought response is still
not fully understood, because the endogenous SA accumulation
is modified by various developmental and physiological factors
(Llanes et al., 2016). In the present research we demonstrated
that alteration in the SA homeostasis and the significant increase
in the endogenous SA accumulation is a physiological reaction
of barley to drought stress. Moreover, we postulate that the
abnormalities in BR biosynthesis or signaling do not seem to
affect the SA homeostasis under the control condition, and do not
influence the capability of the barley mutants to react to drought
stress with an increase in SA accumulation. The further evidence
that endogenous BRs (and the perturbations in their metabolism)
do not influence the SA homeostasis was obtained from the
measurement of the endogenous concentration of benzoic acid,
which is known to be a SA precursor (Chong et al., 2001; Chen
et al., 2009). All analyzed genotypes contained a very similar
concentration of the endogenous benzoic acid under the control
and drought conditions. Moreover, no significant alteration in
the benzoic acid content was reported in any of the genotypes in
response to the drought stress. Taking into account the significant
increase in the endogenous SA accumulation in response to
drought, which was reported in this study, we concluded that in
barley the drought-stimulated SA accumulation occurs at a step
downstream of benzoic acid—the precursor of SA biosynthesis.
It was shown that in barley the regulation of JA homeostasis
is a BR-dependent process, as under the control condition all
analyzed NILs (both BR-deficient and BR-insensitive) contained
significantly lower concentrations of this hormone in comparison
with the “Bowman” cultivar. Accordingly, it was previously
reported in Arabidopsis and rice that BRs increase the JA
content under normal condition (Müssig et al., 2000; Kitanaga
et al., 2006). It seems that the BR-JA interplay may be
quite complicated, as it was reported that exogenous methylJA
application significantly repressed expression of BR biosynthesis
genes, and consequently decreased the endogenous BR content
(Gan et al., 2015). These results broaden the general view of this
inter-hormonal interaction, as it has been previously reported
that BRs negatively regulate JA signaling (Kim et al., 2013; Chung
et al., 2014). Interestingly, the exogenous methylJA was found to
repress the expression of the BR signaling and target genes (Gan
et al., 2015). As expected (Huang et al., 2008; Llanes et al., 2016),
drought stress induced the significant increase in the endogenous
JA content in all analyzed genotypes. Interestingly, both the BR-
deficient and BR-insensitive barley mutants retain the capacity of
the significant increase in the endogenous JA content in reaction
to drought, and relatively to even a higher extent when compared
with the “Bowman” cultivar. This increase in the endogenous
JA concentration may potentially have a secondary effect, as
it was reported in rice that methylJA may stimulate the ABA
accumulation (Kim et al., 2009).
Apart from the analysis of homeostasis of various
phytohormones, which was described above, some aspects
of physiological response of the semi-dwarf NILs to drought
were also characterized. In reaction to drought, the semi-dwarf
mutants exhibited delayed wilting when compared with the
“Bowman” cultivar. Accordingly, in the recent report in which
two semi-dwarf BR-deficient mutants along with the reference
“Delisa” cultivar were exposed to drought, it was noted that the
stress condition negatively affects growth of the tall “Delisa”
cultivar to much greater extent than that of semi-dwarf mutants
(Janeczko et al., 2016). These observations are quite intriguing, as
they seem to be congruent with the recent report indicating that
semi-dwarf rice mutant with erect leaves may show prolonged
tolerance to drought (Ferrero-Serrano and Assmann, 2016).
Moreover, it has been reported that reduction of BR responses
improves plant tolerance to drought (Northey et al., 2016). In
the present study, the photosynthesis rate (Pn) did not show any
significant alteration between the analyzed genotypes under the
control condition. Interestingly, the drought-induced relative
decrease in the Pn value with respect to the control condition
was most prominent in the “Bowman” cultivar. These results
seem to be congruent with an analysis of net photosynthesis
in the semi-dwarf rice mutant d1. Under drought condition,
wild-type plants exhibited a steeper decrease in CO2 fixation
when compared with the d1 mutant (Ferrero-Serrano and
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Assmann, 2016). Abnormalities in BR metabolism do not seem
to negatively affect transpiration rate and stomatal conductance
in the semi-dwarf NILs under the control condition. Similar
results were obtained for other BR-related barley and rice
mutants (Ferrero-Serrano and Assmann, 2016; Janeczko et al.,
2016). In response to drought, the semi-dwarf NILs maintained
the transpiration rate and stomatal conductance at a similar
or even higher level when compared with the “Bowman”
cultivar. As stated above, the abnormalities in BR metabolism
result in phenotypic alterations only in the above-ground part
of the analyzed NILs, and consequently in the semi-dwarf
stature, however having no effect on root architecture (Dockter
et al., 2014). It may be of significant importance for water use
efficiency, as root-to-shoot biomass ratio is an important factor
influencing drought tolerance (Ferrero-Serrano and Assmann,
2016).
The present study provided a comprehensive analysis
of the role of endogenous BRs (and the abnormalities in
their metabolism) in regulation of the homeostasis of other
phytohormones, and plant response to drought stress. However,
there are still many questions, which should be answered and
require a further study. Therefore, we have already commenced
a further research, which is aimed at a multi-directional
physiological analysis of these genotypes in reaction to drought.
Another objective of this research is also a verification whether
these semi-dwarf barleymutantsmay constitute an alternative for
future breeding programs aimed at development of cultivars with
an improved drought tolerance, and adapted to the approaching
climate changes.
AUTHOR CONTRIBUTIONS
DG: Conceived the project; DG, AJ, and IS: Planned the
research; DG, AJ, MD, EP, and JO: Collected and analyzed
the data; DG: Interpreted the data and wrote the manuscript.
All the authors gave the final approval for submission of the
manuscript.
FUNDING
This work was supported by funds from the Polish Ministry
of Agriculture and Rural Development (grant no. HOR hn-
801/11/14-PO-0114-002), and partly from the Ministry of
Education, Youth and Sports of the Czech Republic (grant no.
NPUI nr. LO1204).
ACKNOWLEDGMENTS
The authors would like to thank Anna Maksymowicz for
technical assistance during the phytohormones’ extraction
procedure, and Ondrej Novák for assistance during
quantification of endogenous BRs.
REFERENCES
Abe, H., Takatsuto, S., Nakayama, M., and Yokota, T. (1995). 28-Homotyphasterol,
a new natural brassinosteroid from rice (Oryza sativa L.) bran. Biosci. Biotech.
Biochem. 59, 176–178. doi: 10.1271/bbb.59.176
Ahmadi, S. H., Andersen, M. N., Plauborg, F., Poulsen, R. T., Jensen, C. R.,
Sepaskhah, A. R., et al. (2010). Effects of irrigation strategies and soil on
field grown potatoes: yield and water productivity. Agric. Water Manag. 97,
1923–1930. doi: 10.1016/j.agwat.2010.07.007
Bai, M. Y., Shang, J. X., Oh, E., Fan, M., Bai, Y., Zentella, R., et al. (2012).
Brassinosteroid, gibberellin and phytochrome impinge on a common
transcription module in Arabidopsis. Nat. Cell Biol. 14, 810–817.
doi: 10.1038/ncb2546
Bajguz, A., and Hayat, S. (2009). Effects of brassinosteroids on the plant
responses to environmental stresses. Plant Physiol. Biochem. 47, 1–8.
doi: 10.1016/j.plaphy.2008.10.002
Bajguz, A., and Tretyn, A. (2003). The chemical characteristic and
distribution of brassinosteroids in plants. Phytochemistry 62, 1027–1046.
doi: 10.1016/S0031-9422(02)00656-8
Bari, R., and Jones, J. D. (2009). Role of plant hormones in plant defence responses.
Plant Mol. Biol. 69, 473–488. doi: 10.1007/s11103-008-9435-0
Chen, Z., Zheng, Z., Huang, J., Lai, Z., and Fan, B. (2009). Biosynthesis of salicylic
acid in plants. Plant Signal. Behav. 4, 493–496. doi: 10.4161/psb.4.6.8392
Choe, S., Schmitz, R. J., Fujioka, S., Takatsuto, S., Lee, M. O., Yoshida, S.,
et al. (2002). Arabidopsis brassinosteroid-insensitive dwarf12 mutants are
semidominant and defective in a glycogen synthase kinase 3-like kinase. Plant
Physiol. 130, 1506–1515. doi: 10.1104/pp.010496
Chong, J., Pierrel, M. A., Atanassova, R., Werck-Reichhart, D., Fritig, B.,
and Saindrenan, P. (2001). Free and conjugated benzoic acid in tobacco
plants and cell cultures. Induced accumulation upon elicitation of defense
responses and role as salicylic acid precursors. Plant Physiol. 125, 318–328.
doi: 10.1104/pp.125.1.318
Chono, M., Honda, I., Zeniya, H., Yoneyama, K., Saisho, D., Takeda, K., et al.
(2003). A semidwarf phenotype of barley uzu results from a nucleotide
substitution in the gene encoding a putative brassinosteroid receptor. Plant
Physiol. 133, 1209–1219. doi: 10.1104/pp.103.026195
Choudhary, S. P., Yu, J. Q., Yamaguchi-Shinozaki, K., Shinozaki, K., and Tran, L.
S. (2012). Benefits of brassinosteroid crosstalk. Trends Plant Sci. 17, 594–605.
doi: 10.1016/j.tplants.2012.05.012
Chung, Y., Choe, V., Fujioka, S., Takatsuto, S., Han, M., Jeon, J. S.,
et al. (2012). Constitutive activation of brassinosteroid signaling in the
Arabidopsis elongated-D/bak1 mutant. Plant Mol. Biol. 80, 489–501.
doi: 10.1007/s11103-012-9963-5
Chung, Y., Kwon, S. I., and Choe, S. (2014). Antagonistic regulation of Arabidopsis
growth by brassinosteroids and abiotic stresses. Mol. Cells 37, 795–803.
doi: 10.14348/molcells.2014.0127
Chung, Y., Maharjan, P. M., Lee, O., Fujioka, S., Jang, S., Kim, B., et al. (2011).
Auxin stimulates DWARF4 expression and brassinosteroid biosynthesis in
Arabisopsis. Plant J. 66, 564–578. doi: 10.1111/j.1365-313X.2011.04513.x
Deb, A., Grewal, R. K., and Kundu, S. (2016). Regulatory cross-talks and cascades
in rice hormone biosynthesis pathways contribute to stress signaling. Front.
Plant Sci. 7:1303. doi: 10.3389/fpls.2016.01303
Divi, U. K., Rahman, T., and Krishna, P. (2010). Brassinosteroid-mediated stress
tolerance in Arabidopsis shows interactions with abscisic acid, ethylene and
salicylic acid pathways. BMC Plant Biol. 10:151. doi: 10.1186/1471-2229-
10-151.
Dockter, C., Gruszka, D., Braumann, I., Druka, A., Druka, I., Franckowiak, J., et al.
(2014). Induced variations in brassinosteroid genes define barley height and
sturdiness, and expand the green revolution genetic toolkit. Plant Physiol. 166,
1912–1927. doi: 10.1104/pp.114.250738
Domagalska, M. A., Sarnowska, E., Nagy, F., and Davis, S. J. (2010). Genetic
analyses of interactions among gibberellin, abscisic acid, and brassinosteroids
in the control of flowering time in Arabidopsis thaliana. PLoS ONE 5:e14012.
doi: 10.1371/journal.pone.0014012
Frontiers in Plant Science | www.frontiersin.org 12 December 2016 | Volume 7 | Article 1824
Gruszka et al. Phytohormonal Homeostasis in Barley
Druka, A., Franckowiak, J., Lundqvist, U., Bonar, N., Alexander, J., Houston, K.,
et al. (2011). Genetic dissection of barley morphology and development. Plant
Physiol. 155, 617–627. doi: 10.1104/pp.110.166249
Dziurka, M., Janeczko, A., Juhász, C., Gullner, G., Oklestková, J., Novák, O.,
et al. (2016). Local and systemic hormonal responses in pepper leaves during
compatible and incompatible pepper-tobamovirus interactions. Plant Physiol.
Biochem. 109, 355–364. doi: 10.1016/j.plaphy.2016.10.013
Ferrero-Serrano, A., and Assmann, S. M. (2016). The α-subunit of the rice
heterotrimeric G protein, RGA1, regulates drought tolerance during the
vegetative phase in the dwarf rice mutant d1. J. Exp. Bot. 67, 3433–3443.
doi: 10.1093/jxb/erw183
Gallego-Bartolomé, J., Minguet, E. G., Grau-Enguix, F., Abbas, M., Locascio, A.,
Thomas, S. G., et al. (2012). Molecular mechanism for the interaction between
gibberellin and brassinosteroid signaling pathways in Arabidopsis. Proc. Natl.
Acad. Sci. U.S.A. 109, 13446–13451. doi: 10.1073/pnas.1119992109
Gan, L., Wu, H., Wu, D., Zhang, Z., Guo, Z., Yang, N., et al. (2015).
Methyl jasmonate inhibits lamina joint inclination by repressing
brassinosteroid biosynthesis and signaling in rice. Plant Sci. 241, 238–245.
doi: 10.1016/j.plantsci.2015.10.012
Gruszka, D. (2013). Brassinosteroid signaling pathway - new key players and
interconnections with other signaling networks crucial for plant development
and stress tolerance. Int. J. Mol. Sci. 14, 8740–8774. doi: 10.3390/ijms14058740
Gruszka, D., Gorniak, M., Glodowska, E., Wierus, E., Oklestkova, J., Janeczko, A.,
et al. (2016). A Reverse-genetics mutational analysis of the barley HvDWARF
gene results in identification of a series of alleles and mutants with short stature
of various degree and disturbance in BR biosynthesis allowing a new insight
into the process. Int. J. Mol. Sci. 17:600. doi: 10.3390/ijms17040600
Gruszka, D., Szarejko, I., and Maluszynski, M. (2011a). New allele of HvBRI1
gene encoding brassinosteroid receptor in barley. J. Appl. Genet. 52, 257–268.
doi: 10.1007/s13353-011-0031-7
Gruszka, D., Szarejko, I., and Maluszynski, M. (2011b). Identification of barley
DWARF gene involved in brassinosteroid synthesis. Plant Growth Regul. 65,
343–358. doi: 10.1007/s10725-011-9607-9
Hansen, M., Chae, H. S., and Kieber, J. J. (2009). Regulation of ACS
protein stability by cytokinin and brassinosteroid. Plant J. 57, 606–614.
doi: 10.1111/j.1365-313X.2008.03711.x
Hardtke, C. S., Dorcey, E., Osmont, K. S., and Sibout, R. (2007). Phytohormone
collaboration: zooming in on auxin-brassinosteroid interactions. Trends Cell
Biol. 17, 485–492. doi: 10.1016/j.tcb.2007.08.003
Hayat, Q., Hayat, S., Irfan, M., and Ahmad, A. (2010). Effect of exogenous salicylic
acid under changing environment: a review. Environ. Exp. Bot. 68, 14–25.
doi: 10.1016/j.envexpbot.2009.08.005
Hedden, P., and Thomas, S. G. (2012). Gibberellin biosynthesis and its regulation.
Biochem. J. 444, 11–25. doi: 10.1042/BJ20120245
Huang, D., Wu, W., Abrams, S. R., and Cutler, A. J. (2008). The relationship
of drought-related gene expression in Arabidopsis thaliana to hormonal and
environmental factors. J. Exp. Bot. 11, 2991–3007. doi: 10.1093/jxb/ern155
Jager, C. E., Symons, G. M., Ross, J. J., and Reid, J. B. (2008). Do
brassinosteroids mediate the water stress response? Physiol. Plant. 133,
417–425. doi: 10.1111/j.1399-3054.2008.01057.x
Jager, C. E., Symons, G. M., Ross, J. J., Smith, J. J., and Reid, J. B. (2005).
The brassinosteroid growth response in pea is not mediated by changes in
gibberellin content. Planta 221, 141–148. doi: 10.1007/s00425-004-1454-8
Janeczko, A., Gruszka, D., Pociecha, E., Dziurka, M., Filek, M., Jurczyk, B.,
et al. (2016). Physiological and biochemical characterisation of watered and
drought-stressed barley mutants in the HvDWARF gene encoding C6-oxidase
involved in brassinosteroid biosynthesis. Plant Physiol. Biochem. 99, 126–141.
doi: 10.1016/j.plaphy.2015.12.003
Janeczko, A., and Swaczynova, J. (2010). Endogenous brassinosteroids
in wheat treated with 24-epibrassinolide. Biol. Plant. 54, 477–482.
doi: 10.1007/s10535-010-0084-1
Joo, S. H., Jang, M. S., Kim, M. K., Lee, J. E., and Kim, S. K. (2015).
Biosynthetic relationship between C28-brassinosteroids and C29-
brassinosteroids in rice (Oryza sativa) seedlings. Phytochemistry 111, 84–90.
doi: 10.1016/j.phytochem.2014.11.006
Jung, J. H., Lee, M., and Park, C. M. (2010). A transcriptional feedback
loop modulating signaling crosstalks between auxin and brassinosteroid in
Arabidopsis.Mol. Cells 29, 449–456. doi: 10.1007/s10059-010-0055-6
Kagale, S., Divi, U. K., Krochko, J. E., Keller, W. A., and Krishna, P.
(2007). Brassinosteroid confers tolerance in Arabidopsis thaliana and
Brassica napus to a range of abiotic stresses. Planta 225, 353–364.
doi: 10.1007/s00425-006-0361-6
Kim, B., Fujioka, S., Kwon, M., Jeon, J., and Choe, S. (2013). Arabidopsis
brassinosteroid-overproducing gulliver3-D/dwarf4-D mutants exhibit altered
responses to jasmonic acid and pathogen. Plant Cell Rep. 32, 1139–1149.
doi: 10.1007/s00299-012-1381-2
Kim, B. K., Fujioka, S., Takatsuto, S., Tsujimoto, M., and Choe, S. (2008).
Castasterone is a likely end product of brassinosteroid biosynthetic
pathway in rice. Biochem. Biophys. Res. Commun. 374, 614–619.
doi: 10.1016/j.bbrc.2008.07.073
Kim, E. H., Kim, Y. S., Park, S. H., Koo, Y. J., Choi, Y. D., Chung, Y. Y.,
et al. (2009). Methyl jasmonate reduces grain yield by mediating stress
signals to alter spikelet development in rice. Plant Physiol. 149, 1751–1760.
doi: 10.1104/pp.108.134684
Kim, S. Y., Kim, B. H., Lim, C. J., Lim, C. O., and Nam, K. H. (2010). Constitutive
activation of stress-inducible genes in a brassinosteroid-insensitive 1 (bri1)
mutant results in higher tolerance to cold. Physiol. Plant. 138, 191–204.
doi: 10.1111/j.1399-3054.2009.01304.x
Kitanaga, Y., Jian, C., Hasegawa, M., Yazaki, J., Kishimoto, N., Kikuchi, S., et al.
(2006). Sequential regulation of gibberellin, brassinosteroid, and jasmonic
acid biosynthesis occurs in rice coleoptiles to control the transcript levels
of anti-microbial thionin genes. Biosci. Biotechnol. Biochem. 70, 2410–2419.
doi: 10.1271/bbb.60145
Krasensky, J., and Jonak, C. (2012). Drought, salt and temperature stress-induced
metabolic rearrangements and regulatory networks. J. Exp. Bot. 63, 1593–1608.
doi: 10.1093/jxb/err460
Kurepin, L. V., Qaderi, M. M., Back, T. G., Reid, D. M., and Pharis, R. P. (2008). A
rapid effect of applied brassinolide on abscisic acid concentrations in Brassica
napus leaf tissue subjected to short-term heat stress. Plant Growth Regul. 55,
165–167. doi: 10.1007/s10725-008-9276-5
Li, Z. Y., Xu, Z. S., He, G. Y., Yang, G. X., Chen, M., Li, L. C., et al. (2012).
A mutation in Arabidopsis BSK5 encoding a brassinosteroid-signaling kinase
protein affects responses to salinity and abscisic acid. Biochem. Biophys. Res.
Commun. 426, 522–527. doi: 10.1016/j.bbrc.2012.08.118
Liu, Y., Zhao, Z., Si, J., Di, C., Han, J., and An, L. (2009). Brassinosteroids alleviate
chilling induced oxidative damage by enhancing antioxidant defense system
in suspension cultured cells of Chorispora bungeana. Plant Growth Regul. 59,
207–214. doi: 10.1007/s10725-009-9405-9
Llanes, A., Andrade, A., Alemano, S., and Luna, V. (2016). Alterations of
endogenous hormonal levels in plants uncer drought and salinity. Am. J. Plant
Sci. 7, 1357–1371. doi: 10.4236/ajps.2016.79129
Mahajan, S., and Tuteja, N. (2005). Cold, salinity and stresses: an overview. Arch.
Biochem. Biophys. 444, 139–158. doi: 10.1016/j.abb.2005.10.018
Müssig, C., Biesgen, C., Lisso, J., Uwer, U., Weiler, E. W., and Altmann,
T. (2000). A novel stress-inducible 12-oxophytodienoate reductase from
Arabidopsis thaliana provides a potential link between brassinosteroid-
action and jasmonic-acid synthesis. J. Plant Physiol. 157, 143–152.
doi: 10.1016/S0176-1617(00)80184-4
Nakashita, H., Yasuda, M., Nitta, T., Asami, T., Fujioka, S., Arai, Y., et al.
(2003). Brassinosteroid functions in a broad range of disease resistance
in tobacco and rice. Plant J. 33, 887–898. doi: 10.1046/j.1365-313X.2003.
01675.x
Nemhauser, J. L., Hong, F., and Chory, J. (2006). Different plant hormones regulate
similar processes through largely nonoverlapping transcriptional responses.
Cell 126, 467–475. doi: 10.1016/j.cell.2006.05.050
Northey, J. G., Liang, S., Jamshed, M., Deb, S., Foo, E., Reid, J. B., et al. (2016).
Farnesylation mediates brassinosteroid biosynthesis to regulate abscisic acid
responses. Nat. Plants 2:16114. doi: 10.1038/nplants.2016.114
Outlaw, W. H. (2003). Integration of cellular and physiological functions of guard
cells. Crit. Rev. Plant Sci. 22, 503–529. doi: 10.1080/713608316
Ren, C., Han, C., Peng, W., Huang, Y., Peng, Z., Xiong, X., et al. (2009). A leaky
mutation in DWARF4 reveals an antagonistic role of brassinosteroid in the
inhibition of root growth by jasmonate in Arabidopsis. Plant Physiol. 151,
1412–1420. doi: 10.1104/pp.109.140202
Rodrigues, A., Santiago, J., Rubio, S., Saez, A., Osmont, K. S., Gadea, J.,
et al. (2009). The short-rooted phenotype of the brevis radix mutant partly
Frontiers in Plant Science | www.frontiersin.org 13 December 2016 | Volume 7 | Article 1824
Gruszka et al. Phytohormonal Homeostasis in Barley
reflects root abscisic acid hypersensitivity. Plant Physiol. 149, 1917–1928.
doi: 10.1104/pp.108.133819
Ryu, H., Cho, H., Bae, W., and Hwang, I. (2014). Control of early seedling
development by BES1/TPL/HDA19-mediated epigenetic regulation of ABI3.
Nat. Commun. 5, 4138. doi: 10.1038/ncomms5138
Saini, S., Sharma, I., and Pati, K. P. (2015). Versatile roles of brassinosteroid in
plants in the context of its homeostasis, signaling and crosstalks. Front. Plant
Sci. 6:950. doi: 10.3389/fpls.2015.00950
Saisho, D., Tanno, K., Chono, M., Honda, I., Kitano, H., and Takeda, K. (2004).
Spontaneous brassinolide-insensitive barley mutants “uzu” adapted to East
Asia. Breed. Sci. 54, 409–416. doi: 10.1270/jsbbs.54.409
Salvi, S., Druka, A., Milner, S., and Gruszka, D. (2014). “Induced genetic variation,
TILLING and NGS-based cloning,” in Biotechnological Approaches to Barley
Improvement. Biotechnology in Agriculture and Forestry 69, eds J. Kumlehn and
N. Stein (Berlin: Heidelberg: Springer-Verlag), 287–310.
Schmidt, J., Spengler, B., Yokota, T., Nakayama, M., Takatsuto, S.,
Voigt, B., et al. (1995). Secasterone, the first naturally occurring 2,3-
epoxybrassinosteroid from Secale cereale. Phytochemistry 38, 1095–1097.
doi: 10.1016/0031-9422(94)00797-W
Shimada, A., Ueguchi-Tanaka, M., Sakamoto, T., Fujioka, S., Takatsuto, S.,
Yoshida, S., et al. (2006). The rice SPINDLY gene functions as a negative
regulator of gibberellin signaling by controlling the suppressive function of the
DELLA protein, SLR1, and modulating brassinosteroid biosynthesis. Plant J.
48, 390–402. doi: 10.1111/j.1365-313X.2006.02875.x
Steber, C. M., and McCourt, P. (2001). A role for brassinosteroids in germination
in Arabidopsis. Plant Physiol. 125, 763–769. doi: 10.1104/pp.125.2.763
Symons, G. M., Ross, J. J., Jager, C. E., and Reid, J. B. (2008). Brassinosteroid
transport. J. Exp. Bot. 59, 17–24. doi: 10.1093/jxb/erm098
Tarkowská, D., Novák, O., Oklestkova, J., and Strnad, M. (2016). The
determination of 22 natural brassinosteroids in a minute sample of plant
tissue by UHPLC–ESI–MS/MS. Anal. Bioanal. Chem. 408, 6799–6812.
doi: 10.1007/s00216-016-9807-2
Tong, H., Xiao, Y., Liu, D., Gao, S., Liu, L., Yin, Y., et al. (2014). Brassinosteroid
regulates cell elongation bymodulating gibbrellin metabolism in rice. Plant Cell
26, 4376–4393. doi: 10.1105/tpc.114.132092
Unterholzner, S. J., Rozhon, W., Papacek, M., Ciomas, J., Lange, T., Kugler, K. G.,
et al. (2015). Brassinosteroids are master regulators of gibberellin biosynthesis
in Arabidopsis. Plant Cell 27, 2261–2272. doi: 10.1105/tpc.15.00433
Vriet, C., Russinova, E., and Reuzeau, C. (2012). Boosting crop yields with plant
steroids. Plant Cell 24, 842–857. doi: 10.1105/tpc.111.094912
Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, salinity
and extreme temperatures: towards genetic engineering for stress tolerance.
Planta 218, 1–14. doi: 10.1007/s00425-003-1105-5
Xia, X. J., Wang, Y. J., Zhou, Y. H., Tao, Y., Mao, W. H., Shi, K., et al.
(2009). Reactive oxygen species are involved in brassinosteroid-induced stress
tolerance in cucumber. Plant Physiol. 150, 801–814. doi: 10.1104/pp.109.138230
Yamaguchi, S. (2008). Gibberellin metabolism and its regulation. Annu. Rev. Plant
Biol. 59, 225–251. doi: 10.1146/annurev.arplant.59.032607.092804
Yi, H. C., Joo, S., Nam, K. H., Lee, J. S., Kang, B. G., and Kim, W. T. (1999). Auxin
and brassinosteroid differentially regulate the expression of three members of
the 1-aminocyclopropane-1-carboxylate synthase gene family in mung bean
(Vigna radiata L.). Plant Mol. Biol. 41, 443–454. doi: 10.1023/A:1006372612574
Yuan, G. F., Jia, C. G., Li, Z., Sun, B., Zhang, L. P., Liu, N., et al.
(2010). Effect of brassinosteroids on drought resistance and abscisic acid
concentration in tomato under water stress. Sci. Hortic. 126, 103–108.
doi: 10.1016/j.scienta.2010.06.014
Zhang, A., Zhang, J., Zhang, J., Ye, N., Zhang, H., Tan, M., et al. (2011).
Nitric oxide mediates brassinosteroid-induced ABA biosynthesis involved in
oxidative stress tolerance in maize leaves. Plant Cell Physiol. 52, 181–192.
doi: 10.1093/pcp/pcq187
Zhang, S., Cai, Z., and Wang, X. (2009). The primary signaling outputs of
brassinosteroids are regulated by abscisic acid signaling. Proc. Natl. Acad. Sci.
U.S.A. 106, 4543–4548. doi: 10.1073/pnas.0900349106
Zhou, J.,Wang, J., Li, X., Xia, X. J., Zhou, Y. H., Shi, K., et al. (2014). H2O2 mediates
the crosstalk of brassinosteroid and abscisic acid in tomato responses to heat
and oxidative stresses. J. Exp. Bot. 65, 4371–4383. doi: 10.1093/jxb/eru217
Zhu, J. K. (2002). Salt and drought stress signal transduction in plants. Annu. Rev.
Plant Biol. 53, 247–273. doi: 10.1146/annurev.arplant.53.091401.143329
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Gruszka, Janeczko, Dziurka, Pociecha, Oklestkova and Szarejko.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Plant Science | www.frontiersin.org 14 December 2016 | Volume 7 | Article 1824
